The introduction of porous low-k dielectric materials into semiconductor devices requires the development of low downforce Cu chemical mechanical planarization ͑CMP͒. An alternative passivation agent, 5-phenyl-1H-tetrazole ͑PTA͒, is proposed here that is effective at lower pH than the traditional CMP passivation agent, benzotriazole ͑BTA͒. PTA has previously been reported as a low-pH Cu corrosion inhibitor, but has not been explored for Cu CMP. Cu CMP removal rates and Cu static etch rates are measured for slurries containing 3 wt % H 2 O 2 , 1 wt % glycine, 3 wt % colloidal silica, and PTA concentrations ranging from 0.5 to 3 mM. At pH 3 and PTA concentrations of 0.5-2 mM, PTA provides both effective passivation and Cu removal rates of Ͼ1400 nm/min. Fourier transform-infrared and electrochemical studies are consistent with the formation of an effective passivation layer on Cu in CMP slurries containing PTA concentrations ranging from 0.5 to 2 mM, with the effectiveness of passivation increasing with PTA concentration. The improved low-pH passive film formation for PTA in Cu CMP slurries relative to BTA is most likely due to its much lower pKa ͑4.3͒, with a much larger fraction of PTA in the anionic form at low pH. During the last decade, chemical mechanical planarization ͑CMP͒ has been widely employed for Cu planarization during dual damascene formation of Cu interconnects. However, the planned introduction of porous low-k dielectric materials for 45 nm technology presents significant challenges for Cu planarization.
During the last decade, chemical mechanical planarization ͑CMP͒ has been widely employed for Cu planarization during dual damascene formation of Cu interconnects. However, the planned introduction of porous low-k dielectric materials for 45 nm technology presents significant challenges for Cu planarization. 1 The use of both high applied pressure and abrasive particles may impact the use of Cu CMP for devices containing porous low-k dielectric films, which can be damaged by mechanical stress. 1, 2 This has led to the suggestion that CMP might be replaced or augmented by alternative low-down force technologies, such as Cu electrochemical planarization or electrochemical mechanical planarization. 3 CMP might still be employed as chemically enhanced CMP, where the slurry composition is altered to increase the chemical component of CMP, while simultaneously reducing the mechanical component.
One straightforward method for enhancing the chemical component within a Cu CMP slurry is to reduce the pH. Unfortunately, benzotriazole ͑BTA͒, which is the most commonly used inhibitor during CMP, does not provide effective passivation of recessed Cu surfaces at low pH, where the azole ring becomes protonated. 4, 5 This is critical to an effective CMP process because CMP relies on the differential removal rate between surface protrusions, where the protective polymer film is mechanically abraded, and surface recesses, where the protective polymer film must prevent chemical dissolution. Several research groups have investigated derivatives of BTA and other alternative passivating agents, which are more effective than BTA at low pH. [6] [7] [8] [9] [10] The focus of the current investigation is 5-phenyl-1H-tetrazole ͑PTA͒, whose molecular structure is shown in Fig. 1 along with that of BTA. PTA has been shown to be more effective than BTA at pH values down to 4. 6 The current report includes electrochemical studies and Cu CMP removal rate measurements for a silica-based Cu CMP slurry containing PTA as the passivating agent, hydrogen peroxide as the oxidizing agent, and glycine as the complexing agent. These studies show that at concentrations from 0.5 to 2.0 mM PTA acts as an effective Cu passivation agent at pH 3 and also allows for a high Cu removal rate during CMP.
Experimental
Slurry preparation.-H 2 O 2 , glycine, PTA, HNO 3 , and KOH were all purchased from Aldrich and used as received. Abrasive slurry was prepared by dissolving 1 wt % glycine, 3 wt % H 2 O 2 , 3 wt % colloidal silica ͑120 nm particle size͒, and various concentrations of PTA in deionized ͑DI͒ water. The slurry pH was adjusted with HNO 3 and KOH. For electrochemical studies, abrasive-free CMP slurry was prepared with the same composition, but without colloidal silica, and with the addition of 0.05 M NaNO 3 to increase its conductivity. The properties of PTA and BTA are compared in Table I .
Copper static etch rate experiments.-The static etch rate of Cu was evaluated using a 99.999% pure Cu disk ͑2.36 cm diam and 0.6 cm thickness͒. Before each experiment, the Cu disk was polished with 1500 grit SiC emery paper, washed with dilute HCl, rinsed with DI water and isopropanol, and dried. The Cu disk was then immersed in a glass beaker containing CMP slurry with vigorous agitation. After 5 min, the Cu disk was removed, rinsed with DI water and isopropanol, and dried. The static etch rate was determined from the mass change before and after immersion in the CMP slurry.
Cu removal rate during CMP.-The Cu removal rate during CMP was evaluated on a similar 99.999% pure Cu disk ͑2.36 cm diam and 0.6 cm thickness͒, using the same preparation procedure described above. The Cu removal rate was again obtained from the mass change. The Cu disk was polished on a Struers Labpol-V bench top polisher for 5 min using an IC 1000/Suba IV stacked pad from Rodel. A down force of 30 N was used, the slurry flow rate was 60 mL/min, and both the carrier and polishing platen were rotated at 150 rpm. Prior to each CMP run, the pad was hand condi-tioned for 30 s using DI water and 120 grit sandpaper. To maintain a good dispersion, the slurry in the supply beaker was continuously agitated as it was fed onto the polishing pad.
Electrochemical measurements.-All the potentiodynamic polarization experiments were performed using an EG&G Princeton Applied Research model 273 potentiostat/galvanostat in a threeelectrode electrochemical cell, using a scan rate of 5 mV/s. The working electrode was a 6.1 cm 2 Cu disk, the counter electrode was a Pt wire, and the reference electrode was a saturated calomel electrode ͑SCE͒. The reference electrode was placed within 2-3 mm of the working electrode using a luggin capillary filled with saturated KCl to minimize ohmic potential drop. In all experiments, the cathodic curve was measured first, then the open-circuit potential, and the anodic curve was measured last. Electrochemical impedance spectroscopy ͑EIS͒ measurements from 2 to 5000 Hz were made using a smaller Cu disk electrode ͑0.32 cm 2 ͒ with an ac probe amplitude of 10 mV using a Solectron 1250B frequency response analyzer in combination with a Princeton Applied Research 263 A potentiostat.
FTIR spectroscopy.-Fourier transformed-infrared ͑FTIR͒ measurements were taken with a Mattson Galaxy 2020 spectrometer using a reflectance geometry from a Cu/Ta/Si wafer sample. The sample was first immersed for 5 min in a pH 3 CMP slurry containing 1 wt % glycine, 3 wt % H 2 O 2 , and 1 mM of PTA, then rinsed with DI water.
Optical profilometer.-The surface roughness of the blanket wafer was determined using a Horizon noncontact optical profilometer ͑Burleigh Instrument Inc.͒. The scanning range of this tool in the X-Y plane is 2 mm, and the vertical resolution is 0.1 nm. The surface roughness reported is the average of the root-mean-square values at four different locations on the sample. Figure 2 illustrates the effect of pH on the Cu static etch rate, with and without abrasive, in a slurry containing 1 wt % glycine, 3 wt % H 2 O 2 , and 1 mM of PTA. These results show that the Cu static etch rate increases with slurry pH, with and without abrasives. Figure 3 illustrates the Cu removal rate during CMP for a slurry containing 1 wt % glycine and 3 wt % H 2 O 2 , with and without silica abrasives. For the abrasive-free CMP slurry, the Cu removal rate during CMP follows the same trend as the static etch rate, increasing with an increase in pH. Note the dramatic rise in Cu removal rate during CMP as the pH is reduced to 3. The maximum removal rate obtained is ϳ2200 nm/min, which compares favorably to the benchmark Cu removal rate desired, 500 nm/min. 11 This removal rate is higher than that typically observed for BTA-based CMP slurries, 600-700 nm/min, 11 suggesting that the polymer film formed from PTA may be mechanically weaker or thinner than that formed from BTA. Figure 4 illustrates the surface quality following Cu CMP at pH 3 in 3 wt % silica, 1 wt % glycine, 3 wt % H 2 O 2 , and 1 mM PTA. The surface quality is similar to that obtained for standard Cu CMP in slurries that contain BTA at higher pH.
Results and Discussion
Because of the combination of high Cu CMP removal rate and low static etch rate at pH 3, further studies were conducted at this pH. Figure 5 illustrates the Cu static etch rate, with and without silica abrasive, as a function of PTA concentration in a CMP slurry containing 3 wt % H 2 O 2 at pH 3. As expected, the static etch rate decreases rapidly with an increase in PTA concentration. Figure 6 illustrates the Cu removal rate obtained during CMP, with and without silica abrasive, as a function of PTA concentration in the same CMP slurry. The results in Fig. 5 and 6 show that at pH 3, both a high Cu removal rate during CMP and a low static etch rate can be obtained simultaneously at PTA concentrations of Ͼ0.05 M. These results suggest that PTA forms an effective passivation layer at surface recesses but is easily mechanically abraded at surface protru- 
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From the data for the static etch rate ͑SER͒ with and without inhibitor shown in Fig. 5 , the planarization efficiency ͑͒ expected during CMP can be estimated as a function of PTA concentration from = SER no inhibitor − SER PTA SER no inhibitor 100 ͓1͔ Figure 7 illustrates the predicted planarization efficiency as a function of PTA concentration for a Cu CMP slurry containing 3 wt % silica, 1 wt % glycine, and 3 wt % H 2 O 2 at pH 3. For PTA concentrations of Ͼ0.05 M, the predicted planarization efficiency is Ͼ80%. Experiments on patterned wafers yield somewhat lower planarization efficiencies of ϳ50%. Figure 8 contains polarization curves for Cu in CMP slurries containing 0, 0.5, 1, and 2 mM PTA, and also containing 3 wt % silica, 1 wt % glycine, and 3 wt % H 2 O 2 at pH 3. As the PTA concentration is increased, the cathodic and anodic curves are shifted to more positive potentials, suggesting that PTA is forming a passive film on the Cu surface. From these polarization curves, the corrosion current density ͑i corr ͒ was determined by extrapolating the cathodic Tafel plots to the corrosion potential ͑E corr ͒. The corrosion potentials and corrosion current densities obtained from Fig. 8 are given in Table II .
The nature of the Cu passive film that forms at low pH in PTAcontaining slurries was also investigated by FTIR spectroscopy. Figure 9 shows the FTIR spectrum following Cu immersion and rinsing from a pH 3 CMP slurry containing 1 wt % glycine, 3 wt % H 2 O 2 , and 1 mM of PTA. In Fig. 9 , the C-N stretching vibration is observed at ϳ1450 cm −1 and the azole ring stretching vibration is observed at 1100 cm −1 , providing evidence for adsorption of PTA onto the Cu surface.
Given the critical role of passive film formation during CMP, in situ studies of the nature and composition of the passive film are invaluable. EIS has been widely used to study the electrochemical interface in situ, including several reports detailing the nature of the passive film that exists on the Cu surface during CMP. [12] [13] [14] [15] [16] [17] In order to study the effect of PTA on passive film formation, its concentration was gradually increased while maintaining the potential at the open-circuit potential for the full model slurry, 212 mV vs SCE. In addition, only frequencies of Ͼ2 Hz were sampled to ensure that the impedance measurements correspond to quasi-steady-state conditions, as verified by successive impedance scans. Impedance scans that include lower frequencies took much longer to acquire; thus, successive impedance scans differed somewhat as the Cu electrode was slowly etched by the model electrolyte. Figure 10 shows a Nyquist plot illustrating the impedance results obtained from 2 to 5000 Hz for the model CMP slurry containing 3 wt % H 2 O 2 , 1 wt % glycine, and various concentrations of PTA at pH 3. The results show two capacitive loops and will not be fully analyzed here. However, the impedance associated with these capacitive loops increases with an increase in PTA concentration, indicating that surface electron transfer reactions are increasingly blocked. This confirms the results obtained above that suggest PTA forms a passive film on the Cu surface at pH 3 and that the effectiveness of this passive film increases with PTA concentration.
One might consider the fundamental reasons for the greater effectiveness of PTA relative to BTA for passive film formation at low pH during Cu CMP. Coordination bond formation to metals by electrons from either the N lone pair or from the aromatic ring is widely observed for organic species containing azole rings. 18 Although BTA has been widely studied as a Cu corrosion inhibitor, 4, 5, 19, 20 no universal agreement exists for its mechanism of action, in part because different analytical techniques often yield results that appear to be contradictory. 21 In addition, the interaction of BTA with Cu surfaces depends on concentration, pH, anion effects, and time, as well as on Cu surface preparation. However, BTA is widely believed to form protective passive films on both Cu and Cu 2 O through formation of a Cu͑I͒-BTA polymer film that is believed to have a 1:1 stoichiometry.
PTA differs from BTA in several respects. Most importantly, the pKa value for PTA ͑4.3͒ is much lower than that for BTA ͑8.2͒, probably due to the presence of an extra nitrogen atom. 22, 23 We believe that this is the main reason why PTA forms a more effective passive film at low pH than does BTA. The primary reason cited in the literature for the failure of BTA as a corrosion inhibitor at low pH is that BTA exists mainly in its protonated form, preventing formation of a complex with Cu͑I͒. 5, 19 At higher pH, BTA exists in anionic form, losing an amino H, improving electrostatic interactions with Cu͑I͒. At pH 3, the ratio of PTA in the anionic form to protonated PTA is then
This fraction is about four orders of magnitude higher at pH 3 than the equivalent anionic fraction of BTA. This approximate calculation neglects the effects of protonation of PTA to form PTAH + . We expect that this has a negligible contribution to the PTA equilibria at pH 3.
In addition to pKa effects, PTA also has lower solubility in acidic Cu CMP slurries than BTA, suggesting that it can form a more stable passive film. 24 The passive film formed from PTA-based Cu CMP slurries is also more hydrophobic than the passive film formed from BTA-based slurries, as shown by contact angle measurements, and this may also contribute to the improved stability of the passive film. 24 The BTA film formed at low pH is thicker and more porous than that obtained at high pH. 19 One might hypothesize that the same effect occurs for PTA at low pH. This would explain the dramatic increase in the Cu removal rate seen as the pH is reduced to 3 in Fig.  3 , because a thicker and more porous film will be more easily mechanically abraded. This may also explain the observation that the static etch rate ͑chemical action only͒ in Fig. 2 decreases at pH 3 , yet the corresponding Cu removal rate ͑mechanical and chemical action͒ in Fig. 3 increases dramatically. This may also partly explain the difference between the planarization efficiency measured on patterned wafers and the planarization efficiency predicted from Eq. 1. During CMP, the complex dynamics associated with simultaneous pad rotation, slurry flow, and Cu removal from surface protrusions will result in significant convective forces near pattern features. Thus, a thicker and more porous film might be dislodged by these convective forces, despite not having direct contact with the pad.
A second chemical difference between PTA and BTA might also help explain the easier mechanical abrasion at pH 3 and the reduced planarization efficiency relative to predicted values. The phenyl and azole rings in PTA are connected by a single covalent bond, which allows formation of a more flexible passive film than is the case for BTA, where the phenyl and azole rings share two atoms and are thus rigidly aligned. For this reason, regular alignment of a twodimensional array of PTA molecules is less likely to occur as a result of random surface collisions during polymer film formation.
Conclusions
Cu removal rates during CMP and Cu static etch rates are measured for Cu CMP slurries containing 3 wt % H 2 O 2 , 1 wt % gly- cine, 3 wt % colloidal silica, and PTA concentrations ranging from 0.5 to 3 mM. PTA has previously been reported as a low-pH Cu corrosion inhibitor, but has not previously been explored for application to low-pH Cu CMP. The CMP measurements are supplemented by polarization measurements and EIS in the same CMP slurries. These studies show that at pH 3, the static etch rate of PTA-containing Cu CMP slurries is low, while the Cu removal rate is Ͼ1400 nm/min for PTA concentrations ranging from 0.5 to 2 mM. The reduction in the static etch rate with increasing PTA concentration suggests that PTA is forming a Cu passivation layer of increasing effectiveness. This is confirmed by polarization measurements and by EIS. The improved low-pH passive film formation for PTA in Cu CMP slurries relative to BTA is most likely due to its much lower pKa ͑4.3͒, which predicts a much larger fraction of PTA exists in the anionic form at low pH.
